Background: A novel transparent stock of medaka (Oryzias latipes; STII), recessive for all pigments found in chromatophores, permits transcutaneous imaging of internal organs and tissues in living individuals. Findings presented describe the development of methodologies for non invasive in vivo investigation in STII medaka, and the successful application of these methodologies to in vivo study of hepatobiliary structure, function, and xenobiotic response, in both 2 and 3 dimensions.
Background
The majority of our understanding of vertebrate hepatobiliary disease and toxicity has been derived from mammalian liver studies [1] [2] [3] [4] [5] . We know comparatively less about piscine biliary disease and toxicity, though we are beginning to gain greater insight into piscine hepatobiliary structure/function relationships [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Because our understanding of the piscine biliary system has lagged, particularly in a comparative sense, our ability to interpret and communicate biliary disease and toxicity in aquatic species has remained limited. By example, cholestasis (impaired and/or inhibited bile transport) has never been described in fish, a fact more representative of our lack of understanding/investigation, as opposed to the lack of occurrence of this physiological response.
Because the vertebrate liver is a common target organ of toxicity, largely due to the emergence and prevalence of modern xenobiotics (e.g., environmental contaminants, pharmaceuticals) in society over the last century [18] [19] [20] [21] [22] [23] [24] , and the fact that various vertebrate systems (fish, rodent, avian, primate, human) are applied to understanding the mechanisms and modes of actions involved in xenobiotic induced injury, a betterment of our comparative understanding, and ability to investigate and interpret hepatotoxicity in the piscine hepatobiliary system, is essential. By example; the presence of personal care products and pharmaceuticals (PCPPs) [25] [26] [27] [28] [29] [30] [31] [32] , persistent environmental contaminants (POPs) [21, 22, [33] [34] [35] , and the widespread application of antibacterial agents, pesticides, and hormones in aquaculture [36] [37] [38] [39] present ecotoxicological and, because of the human consumption of fish, human health related concerns, that are likely to persist for decades. These and other environmental contaminants necessitate enhancement of our ability to understand hepatobiliary disease and toxicity in piscine species.
Advancement of our understanding of the piscine hepatobiliary system is not relegated to environmental concerns alone. Because of their many advantages (e.g., small size, relative ease of care and use, potentially higher statistical power due to large study cohorts), small fish animal models such as medaka, zebrafish, and fathead minnow have seen increasing application in biomedical research (e.g., carcinogenesis, mutagenesis, functional genomics, toxicogenomics) [40] [41] [42] [43] [44] [45] .
The see-through medaka (Oryzias latipes; STII), recessive for all pigment genes of chromatophores (iridophores, melanophores, xanthophores and leucophores) [46] , is a unique small fish animal model that enables high resolution (< 1 μm) in vivo imaging of biological structure and function at virtually all levels of organization, from subcellular to gross anatomical [12, 47] . Exhibiting no expression of leucophores and melanophores, and minimal expression of xanthophores and iridophores, STII medaka are essentially transparent throughout their life cycle. In embryo, larval and juvenile STII medaka (from 3 to 60 days post fertilization (dpf)) it is possible to image internal cells, tissues and organs, and generate three-dimensional (3D) reconstructions from in vivo imaging. We present here an overview of our findings from in vivo investigations in STII medaka that demonstrate the utility of this experimental in vivo system. Specifically, we show that: phenotypic response to xenobiotic exposure can be investigated/imaged in vivo with high resolution (< 1 μm); hepatobiliary transport of solutes from blood (sinusoid) to bile (intrahepatic biliary passageways) can be qualitatively and quantitatively studied in vivo; hepatobiliary development in this model can be described/investigated via non invasive in vivo observations; and hepatobiliary structure/function in this lower vertebrate liver can be studied in 3D.
Our purpose here is to share in vivo methodologies and present examples of applications of these methodologies to in vivo investigation. First we describe the in vivo methodologies developed, and then give specific examples of the successful application of these methodologies to the evaluation of hepatobiliary structure, function, development, and xenobiotic response, in both 2D and 3D. Because much of our recent research has focused on the piscine hepatobiliary system, namely biliary system toxicity, this organ system will be emphasized in the examples provided.
Microscopy
Widefield microscopy was performed on a Zeiss Axioskopp equipped with DAPI/TRITC/FITC fluorescence filter cube set (DAPI/UV: Ex 360-380 nm/Em All Vis > 400 nm, FITC: Ex 450-490 nm/Em 515-565 nm, TRITC: Ex 528-552 nm/Em 578-632 nm), Zeiss Plan Neofluar 5×/ 0.15, 10×/0.3, 20×/0.5, 40×/0.85 pol, and 100×/1.3 oil objectives, Photometrics CoolSnap digital imaging system (2048 × 2048-element array) and IP Lab (V. 3.0) image acquisition software (Scanalytics). A xenon lamp was used for excitation. For confocal fluorescence microscopy a Zeiss 510 Meta system with Zeiss LSM 5 Axiovision image acquisition software, Argon and HeNe laser, and Carl Zeiss C-apochromatic 40×/1.2 and C-apochromatic 10×/ 0.45 objectives, was used. For brightfield microscopy a Nikon Eclipse E600 with a Nikon DXM 1200 digital capture system, halogen light source, Nikon plan neo-fluor 10×/0.3 wd16, plan neo-fluor 20×/0.5 wd2.1, plan neofluor 40×/0.75 wd0.72, and plan apo 60×/1.4 wd0. 21 (oil) objectives, was used. A Nikon SZM 1500 with a Nikon DXM 1200 digital capture system, Nikon HR plan apo 1× WD54 and Nikon HR 0.5× WD136 objectives was also employed for brightfield dissecting microscopy. All transmission electron microscopy (TEM) was performed at the Laboratory for Advanced Electron and Light Optical Methods (LAELOM), College of Veterinary Medicine, North Carolina State University, on an FEI/Philips EM 208S Transmission Electron Microscope.
Software
Image analysis and compilation was performed with EclipseNet (Nikon, USA), Adobe Photoshop (Adobe, Inc.), ImageJ (NIH, V1.32j), IP Lab software (Scanalytics, Inc., version 3.55), and Zeiss Image Browser (Carl Zeiss). All 3 dimensional reconstructions and analyses were performed with Amira 3D (Mercury Computer Systems, Berlin).
Chemicals and fluorescent probes
A list of fluorescent probes is provided in Table 1 . The primary fluorescent probes employed were; 7-benzyloxyresorufin, β-Bodipy C5-HPC, DAPI {4',6-diamidino-2-phenylindole, dihydrochloride}, and fluorescein isothiocyanate (FITC). All fluorescent probes were administered to STII medaka via aqueous bath in concentration ranges listed in Table 1 . Duration of exposure times (aqueous bath exposures) varied for each fluorescent probe, and can be derived from the values given in initial and peak fluorescence column. Other chemicals employed: Diethylnitrosamine (N-nitrosodiethylamine, Sigma, N0756), α-napthylisothiocyanate (Sigma, N4525), β-napthoflavone (Sigma, N-3633), tricaine-methane sulfonate (Sigma, E10521), dimethyl sulfoxide (DMSO, Sigma, 276855), Pronase (streptococcal protease, Sigma), Hank's balanced salt solution (Sigma, H5899), and phosphate buffered saline (PBS, sigma).
Xenobiotic exposures
Reference hepatotoxicants α-napthylisothiocyanate (ANIT) and diethylnitrosamine (DEN) were used for comparative study of responses of the hepatobiliary system. ANIT is a well described biliary toxicant in rodent models that induces hallmark responses in the mammalian liver, namely: cytotoxicity in biliary epithelium of bile ductules and ducts, cholestasis [48] [49] [50] [51] , and biliary tree arborization (biliary epithelial cell hyperplasia) [52] [53] [54] . DEN, a complete carcinogen, is a widely employed reference hepatotoxicant that has been used in fish [55] .
ANIT Exposures: Cohorts (10 to 30 fish) of STII medaka were exposed to aqueous ANIT to target hepatocytes and biliary epithelia for toxic response. Exposures were in aqueous bath during various stages of development, under acute and chronic exposure conditions. Controls consisted of untreated medaka, and those that received DMSO (ANIT solvent). Studies were designed to evaluate hepatobiliary structure/function during the onset, progression, and recovery from ANIT induced changes. All exposures were done in 750 ml wide-bottom glass rearing beakers at 25°C, 16 hr light/8 hr dark cycle. Aqueous bath exposure medium was 1:3, ERM:de-ionized water. Acute exposures: medaka were subjected to single exposures of ANIT at concentrations from 0.25 μM to 10 μM ANIT and assessed at multiple time points (e.g., 5 minutes, 15 minutes...6, 12, 24, 48, 72 and 96 hrs, and at day 10, 30 and 60 post exposure). Chronic exposures: medaka were reexposed every 3 days, or once weekly (static renewal baths), and examined at the same points given for acute exposures. DEN exposure was for 48 hrs at 200 ppm in aqueous bath, after which time medaka were reared for 10 months under normal conditions. At given time points during ANIT and DEN exposure regimes, subpopulations of medaka were removed from an exposure cohort for in vivo investigations, histological, immunohistochemical, and transmission electron microscopy (TEM) studies.
In vivo methodologies
As an overview, in vivo investigation in STII medaka can be considered to be comprised of three primary components, which describe a "system" of study; (1) sedation, (2) microscopy/imaging technologies, and (3) fluorescent probes.
To facilitate in vivo imaging of larval and older STII medaka (> 8 dpf) non lethal sedation was necessary, particularly for cellular level investigations. Optimal sedation was achieved with 10 μM tricaine methane sulfonate (MS-222). STII medaka were placed in a solution of 10 μM MS-222 (ERM as solvent), as soon as medaka were anaesthe- tized (immotile) they were removed from the sedative bath and placed in fresh ERM:deionized water (1:3). Sedated medaka were then placed on a glass depression well slide with enough ERM:deionized water to fill the depression well (~400 μl), oriented in a preferred anatomical position, and the depression well slide was sealed with a cover-slip. For optimal image clarity medaka were positioned so the dermis was in contact with the coverslip, which minimized optical distortion that may result from image diffraction through the fluid space between dermis and coverslip. Once mounted on a depression well glass slide medaka were imaged live with brightfield, and widefield and laser scanning confocal fluorescence microscopy (LSCM). Each was found to offer specific advantages, which will be illustrated through the in vivo findings presented. A brief overview of considerations for each imaging modality follows.
Gross anatomical investigation of internal organs and tissues was, expectedly, best imaged with brightfield microscopy (e.g., Nikon LSM dissecting microscope), though to some extent widefield microscopy was also successfully applied (see Figures 1, 2 , 3, 4 and 5). Both widefield and confocal fluorescence microscopy proved excellent for high resolution (< 1 μm) in vivo observation/imaging of individual cells, tissues and organs in living individuals ( Figures 1, 2 , 3, 4, 5, 6, 7, 8 and 9) . While confocal microscopy was superior to widefield in virtually all aspects, as will be evidenced in the applications described throughout, widefield microscopy was not without merit and should be considered a practical means by which to undertake in vivo investigations in STII medaka. For instance, widefield microscopy was employed as a screening method, and for refinement of cellular level methodologies (e.g., screening fluorescent probe efficacy and labeling properties). A fundamental limitation of widefield fluorescence microscopy was a greater depth of field, as compared with confocal. Because of the lack of planar resolution (depth of field permitted with Xenon laser and standard Neo-Fluar objectives, see materials and methods), accurate quantitation of fluorescence was precluded, and widefield fluorescence microscopy was found limited to qualitative studies (vs. quantitative in vivo study/imaging). By example, the depth of field with a 60× Plan NeoFluar objective on our Zeiss Axioskopp (widefield) was 0.65 μm; technically, comparable to confocal. However, this 0.65 μm depth of field represents only the field of fine focus. Also resolved, due to illumination by Xenon laser light source, were out of focus planes above and below the plane of focus. Due to the widefield optics and illumination source, reflection and refraction from tissues above and below the plane of imaging resulted in diminished optical resolution, as compared to confocal microscopy. Hence, the optical characteristics of widefield microscopy precluded accurate study of in vivo transport.
LSCM, due to higher planar resolution, was optimal for quantitative investigations into in vivo hepatobiliary transport (see Figures 2, 3 , 4, 5, 7 and 8 for comparison). LSCM also offered the advantage of acquisition of confocal stacks of up 100 μm in depth, at planes of section from 0.5 μm to 2 μm. Further, individual confocal stacks could be joined, allowing for final in vivo confocal image stacks of up 300 μm in depth (the maximal depth, we found, at which high quality in vivo imaging could be performed with the system used). In summary, while widefield was Eighteen fluorescent probes were selected for in vivo application based on their molecular weight, utility in elucidating desired structure/function, biocompatibility, and in vivo transport properties. The fluorescent probe, a description of application(s), the molecular weight (M.W.), solvent used for stock preparation (solubility), fluorescence excitation and emission wavelengths (Ex/Em), initial and peak fluorescence times (Initial/Peak Fluorescence (min)), and effective aqueous exposure concentrations are given. sufficient for qualitative study/imaging of hepatobiliary structure, function and transport, accurate quantitative study/imaging required the finer spatial resolution provided by confocal microscopy. Examples illustrating the differences between widefield and confocal microscopy are given throughout the findings presented.
Fluorescent probes and endogenous fluorophores
The use of fluorescent probes in living medaka greatly enhanced our ability to investigate hepatobiliary structure/function and xenobiotic response in vivo. While fluorescent probes have been widely employed in vitro (e.g., cell culture based investigations), few commercially available fluorophores were, at the time these studies were undertaken, characterized for in vivo use in fish. Fluorophores were selected based on their biocompatibility and utility in analysis of hepatobiliary morphology and transport, and are given in Table 1 . That a probe would exhibit uptake via aqueous bath was a priority for selection (we preferred to avoid use of intraperitoneal injection).
For brevity, a discussion of fluorescent probes most frequently employed for elucidation of cell/tissue/organ structure and function is given. Metabolic substrates 7-benzyloxyresorufin (7-BR, CYP3A substrate) and 7-ethoxyresorufin (7-ER, CYP1A substrate) were found valuable in vivo probes for investigating CYP3A and CYP1A expression in organs and tissues, and for elucidating the intraand extrahepatic biliary system, as well as gut lumen. Both probes, non-fluorescent in their native state, are metabolIn vivo imaging of tumor formation in STII medaka: brightfield microscopy Figure 1 In vivo imaging of tumor formation in STII medaka: brightfield microscopy. Neoplastic response following early life stage exposure of STII medaka to the reference hepatocarcinogen diethylnitrosamine (DEN). Medaka acutely exposed at early life stages to DEN were followed serially, and at 10 months hepatic tumors were imaged through the abdominal wall. (A and C) In vivo imaging (brightfield) of hepatic tumor formation (green arrowheads) in DEN exposed medaka, showing enlargement of total liver mass and altered vasculature. Histopathological assessment of the tumor showed mixed hepatocellular (B) and cholangiocellular carcinomas (D). Biliary hyperplasia (D) was characterized by a single layer of biliary epithelium lining large cystic spaces in the liver. Opaque white tissue in brightfield images (A&C) is ovary, whereas the gut occupies caudal most region of the abdominal cavity.
ically activated (de-alkylation of 7-BR, de-ethylation of 7-ER) by their respective CYP enzymes to the anionic fluorescent metabolite resorufin. Both probes have been widely employed in vitro [56, 57] , and 7-ER has been employed in vivo in Fundulus heteroclitus and medaka [58] [59] [60] [61] . An example of the in vivo application of 7-benzyloxyresorufin, elucidating in vivo CYP3A metabolism, transport, and hepatic morphology, is given in Figure 2 .
Sphingolipids are a structurally diverse class of compounds composed of a polar head group and two nonpolar tails (akin to phospholipids), and are naturally occurring compounds found in all plants and animals. As such, we considered the potential for fluorescentlylabeled sphingolipids to be incorporated into live cells, and found two fluorescent sphingosines, β-Bodipy C5-HPC and Bodipy FL C5 ceramide, to be useful for in vivo
In vivo imaging of hepatobiliary metabolism, transport, and hepatic morphology study in STII medaka. β-Bodipy C5-HPC, a fluorescentlylabeled phosphocholine, proved biocompatible and was found optimal for elucidating epithelia, endothelia, and hepatobiliary transport. β-Bodipy C5-HPC labeled virtually all epithelia throughout the body of STII medaka. While in vivo kinetics for fluorescently-labeled sphingosines like β-Bodipy C5-HPC and Bodipy FL C5 ceramide are currently unknown, and little information exists on their in vivo metabolic properties, our observations suggest β-Bodipy C5-HPC is recognized as an endogenous sphingolipid, as β-Bodipy C5-HPC was readily incorporated into virtually all cell membranes under aqueous exposure conditions. For instance, β-Bodipy C5-HPC was not only taken up by virtually all epithelia, but also observed to cross the blood brain barrier (the only fluorophore observed to do so), labeling neural bundles in the medulla of medaka ( Figure 3 ). β-Bodipy C5-HPC appeared to be taken up across gill epithelium, and transported through the cardiovascular system to the liver and gut. A small organic cation, the in vivo characteristics of this probe suggested concentrative transport of the fluorophore from blood to bile (hepatic), with fairly rapid (15 The in vivo kinetics of Bodipy FL C5 ceramide appeared more consistent with passive diffusion across cell membranes. Uptake and distribution of the fluorophore was observed to be substantially slower (30 -45 minutes slower) than β-Bodipy C5-HPC. Where the fluorescent phosphocholine saw uptake and concentration in intrahepatic biliary passageways as early as 15 minutes post administration (aqueous bath), the fluorescent ceramide was not observed to accumulate (peak fluorescence) in the hepatobiliary system until ~45 minutes post exposure. Cardiovascular transport of Bodipy FL C5 ceramide was much more distinct than that of β-Bodipy C5-HPC, with marked and prolonged residence time in blood plasma, and distinct labeling of endothelium and red blood cells. Bodipy FL C5 ceramide, because of its apparently slower (passive?) uptake, and accumulation in the cytosol of virtually all cell types, was found optimal for investigating epithelial cell morphology in vivo. This fluorophore also exhibited a more even distribution (concentration) across blood plasma, cytosol, and intrahepatic bile passageways. Hence, Bodipy FL C5 ceramide proved highly effective for elucidating cell morphology in vivo, allowing imaging of sinusoids, hepatocytes, and intrahepatic biliary passageways, simultaneously.
The highly lipophilic Bodipy 505/515 and 493, like β-Bodipy C5-HPC, were also found to be effective fluorophores for investigating hepatobiliary transport and bile secretion in vivo ( Figure 3 ). Both probes allowed elucidation of the intrahepatic biliary passageways, extrahepatic biliary passageways, gut lumen, and intestinal lumen (e.g., mucosal folds of the gut).
Fluorescein isothiocyanate (FITC) was also utilized for elucidating the biliary architecture. This small organic cation showed rapid uptake, with marked differential distribution between blood and bile, and transport into biliary passageways. Because of the difference in concentration of FITC (as well as other fluorophores) in blood and bile on a temporal scale, this allowed for high resolution in vivo investigation into biliary morphology, bile transport, and xenobiotic response. (Note: the temporal variation in blood and bile concentrations is the result of fluorophore uptake and transport kinetics, determined by the physical and chemical properties of the fluorophore, and passive and active transmembrane transport kinetics in gill epithelia and hepatocytes.) Several probes were found to be useful for in vivo nuclear labeling, these were: DAPI 4',6-diamidino-2-phenylindole, dihydrochloride; DAPI Diacetate 4',6-diamidino-2-phenylindole, diacetate; and the SYTO ® and YO-PRO ® series of fluorescent probes from Invitrogen ( Figure 8 ). The ability to label and visualize nuclei of individual cells in organs and tissues proved valuable not only for structural elucidation (particularly in 3D), but for differentiation between nuclei and cellular organelles (described later in the xenobiotic response section). 
variety of endogenous compounds are known to fluorescence, and the excitation/emission spectra of some of these are given in Table 2 . Among them, endogenous fluorescence of nicotinamide adenine dinucleotide phosphate (NADPH), riboflavin, flavin co-enzymes and flavoproteins, as well as porphyrins, has been used as an indicator of enzyme activity and physiological state in living cells [62] . For instance, NADPH fluoresces in its reduced state, but not in its oxidized state (e.g., NADP). In contrast flavin adenine dinucleotide fluoresces in its oxidized state (FAD), while fluorescence is undetectable when reduced to FADH 2 . Because each of these endogenous fluorophores are widely employed in a variety of cellular processes, they, by their fluorescence, can be good indicators of cell viability and function. For instance, Ramanujam et al (1994) reported that dysplastic cells exhibited greater fluorescence, likely due to increased metabolic rate of altered cell types [63] . These studies revealed UV light excitation was effective for differentiation of neoplastic and normal cervical tissue, in vivo [63] . Similarly, differential fluorescence has been employed to distinguish normal, hyperplastic, and adenomatous human colonic epithelia cells of the mucosa (primary cell cultures) [64] . Our own in vivo observations noted that the autofluorescence of non viable cells and tissues was diminished relative to their viable counterparts.
Our studies found UV/DAPI excitation to be highly useful in elucidation of morphological features, otherwise difficult to visualize. For instance, UV/DAPI excitation was highly effective for visualizing vasculature (blood plasma was relatively non fluorescent compared to individual epithelial, endothelial and red blood cells). UV/DAPI excitation was also useful for visualizing individual epithelial cells in vivo (e.g., hepatocyte morphology). Hence, the innate autofluorescence properties of cells/tissues can be utilized for investigation of a variety of structural and functional, as well as diagnostic purposes. Further, savings in time and materials may be realized, negating the need to administer exogenous fluorophores to elucidate cellular and tissue morphology. Note however that UV excitation wavelengths (< 400 nm) are known to be cytotoxic and special care must be taken when employing these methods.
At other excitation/emission wavelengths (TRITC/FITC) general tissue autofluorescence was less distinct than that observed with DAPI/UV. However, autofluorescence of bile fluid was marked under both TRITC and FITC illumination. Because of this TRITC/FITC excitation/emission could be employed to detect the onset of bile synthesis (endogenous bile fluorescence), and to observe bile transport in vivo. Of interest, we observed bile autofluorescence to vary on a temporal scale, a fact which merits further detailed study. While TRITC/FITC excitation resulted in distinct autofluorescence of intra-and extrahepatic bile passageways, as well as gall bladder, it was not consistently observed, suggesting variations in bile composition, perhaps due to varying concentrations of endogenous fluorophores (in bile) previously discussed (e.g., NADP, FADH, porphyrin compounds). For this reason, it was not possible to fully utilize bile autofluorescence as an indicator of hepatobiliary transport of specific bile constituents, though significant potential exists in applying fluorescence studies to the examination of bile transport. Quantitative analysis of blood to bile transport in vivo (STII medaka, 12 dpf): β-Bodipy C5 Phosphocholine (HPC), Fluorescein Isothiocyanate (FTIC) and Bodipy C5 ceramide Figure 6 Quantitative analysis of blood to bile transport in vivo (STII medaka, 12 dpf): β-Bodipy C5 Phosphocholine (HPC), Fluorescein Isothiocyanate (FTIC) and Bodipy C5 ceramide. Box plots (area averages) and statistical indices: Quantitative analysis of differential blood to bile transport between β-Bodipy C5 phosphocholine (HPC), fluorescein isothiocyanate (FTIC) and Bodipy C5 ceramide. Fluorophores were imaged in vivo at peak uptake times (60 minutes for C5 ceramide, 45 minutes for both FITC and HPC). Differences in blood to bile transport between all three fluorophores were suggested when measured values (means) of fluorescence intensity across sinusoid, cytosol and canalicular spaces were evaluated. The most marked differences were between β-Bodipy C5 phosphocholine and fluorescein isothiocyanate, and Bodipy C5 ceramide. For instance: Where ceramide and FITC showed no statistical difference in concentration in the canaliculus, there were marked differences in concentration, and temporal variation, in cytosol and sinusoid, suggesting differences in transport kinetics.
In vivo imaging of hepatobiliary transport

Quantitation of hepatobiliary transport in vivo
For accurate quantitation of transport several key elements were necessary, and merit a brief discussion. One of the primary issues was standardization of microscopy techniques [65] [66] [67] . Exposure times while imaging (e.g., fluorophore quenching), laser intensity (excitation), fluorophore concentration in the exposure bath, and imaging depth in vivo (e.g., how deep into the tissues you are imaging), were each found to influence and define the digital image information captured in vivo, and this, is
In vivo imaging of hepatobiliary toxicity: canalicular attenuation/dilation and bile preductular lesions (B -B1) In vivo confocal image, single optical section, of ANIT treated medaka liver (24 dpf) illustrating appearance of dilated and attenuated bile canaliculi (red arrowhead points to attenuation, white to dilation), 48 hrs post exposure to 2.5 μM ANIT. Canaliculi were elucidated with fluorescein isothiocyanate. Only the intrahepatic biliary passageways are fluorescent (green). Parenchyma is largely non fluorescent, aside from weak and diffuse fluorescence of hepatocellular cytosol. Canalicular dilation/ attenuation appeared to be a canalicular constriction/dilation regulatory problem, as no clear alteration to hepatocyte morphology was observed in association with this change. (B1) Dilated canaliculi (gray arrowhead) were found to be up to approximately 3 times normal diameter (e.g., 3.9 μm diameter in dilated vs. 1.3 μm average diameter in normal canaliculi). Attenuated canaliculi were distinct, appearing as fine sinuous passageways measuring 0.4 μm to 0.8 μm in diameter. (C) Non invasive in vivo confocal image 10 days post exposure to 2.5 μM ANIT (chronic exposure) showing bile preductular lesions (red arrowhead), characterized by loss of preductule membrane integrity and loss of uniformity in preductule lumen diameter. Intrahepatic biliary passageways elucidated here with Bodipy C5 Ceramide. Black arrowhead illustrates normal appearance of bile preductule. (C1) Transmission electron micrograph illustrating changes to bile preductular epithelium (BPDEC) associated with preductular lesions, which showed increased cytosolic area and vacuolation (red arrowhead). In vivo observations helped lead to the hypothesis that ANIT induced BPDEC toxicity is responsible for bile preductular lesions observed, and that these cells are early targets of ANIT. (D) Example of a 3D reconstruction of damaged preductule that revealed the damaged bile passageway (green) was blind ending, not interconnected with other segments of the intrahepatic biliary network (atypical). Also shown are bile preductular epithelial cells (purple), illustrating the foci of alteration was a canaliculo-preductular junction. In (A), (B), and (B1), IHBPs elucidated with FITC, in (C) with Bodipy C5 ceramide.
Figure 8 (see legend on next page)
Comparative Hepatology 2008, 7:7 http://www.comparative-hepatology.com/content/7/1/7 turn, affected quantitation of digital information. Perhaps one of the most important factors was the time of image acquisition. Most fluorophores used for investigation of blood to bile transport were observed to be assimilated by medaka fairly rapidly (10-20 minutes for initial uptake from aqueous bath). Peak/maximal fluorescence (a proxy for fluorophore saturation) occurred some 15 to 90 minutes later, depending on the fluorophore used. Hence, in developing in vivo methodology for quantifying hepatobiliary transport, several key elements were/are required. First, uptake, distribution and transport of individual fluorophores should be fully characterized for standardization of protocols. This would entail characterizing temporal changes, as well as the effect of fluorophore concentration (aqueous bath), on uptake and transport kinetics. In our investigations rigorous study and thorough determination of fluorophore kinetics in vivo was not possible due to the lack of a dedicated confocal instrument, and time. In lieu of this type of characterization, observed peak fluorescence times, and a time frame subsequent to peak fluorescence that allowed for in vivo imaging and quantitation of transport, was determined for each fluorophore employed.
We provide in Table 1 times at which fluorescence was first observed in the biliary passageways of the liver (initial fluorophore uptake), and the time when fluorescence peaked (maximal saturation). After peak fluorescence was achieved, fluorophore concentration in vivo (fluorescence) was assumed to be at a steady state as long as medaka remained under constant exposure to the fluorophore in aqueous medium. At this point, transport kinetics were assumed to have reached equilibrium (at the exposure concentrations given, under chronic exposure conditions). For our studies it was decided image acquisition would occur from the onset of peak fluorescence (saturation), or the time when fluorescence intensity peaks at a given exposure concentration (unique for each fluorophore), and for a predefined period of time following the onset of peak fluorescence; for our studies, 60 minutes. Hence, imaging was done at the onset peak fluorescence and for, on average, no more than 60 minutes post peak fluorescence. With the above factors accounted for, we found in vivo quantitation of hepatobiliary transport possible and a potentially valuable diagnostic tool.
For quantitation, digital images from in vivo investigations were converted to both RGB 32 bit color, and 8 bit grayscale. These were then analyzed in ImageJ using the following techniques. Regions of interest (ROIs) were defined for sinusoid lumen, hepatocyte cytosol, and canalicular/bile preductular lumens. ROIs were measured for fluorescence intensity (brightness value for RGB and grayscale value for grayscale) in both RGB 32 bit color, and 8 bit grayscale images. In the image under study multiple ROIs were randomly selected for; sinusoidal space, cytosol space and bile space. For instance, in a confocal stack, acquired from in vivo imaging, multiple ROIs were measured in each of the three compartments, resulting in repeated measures. Fluorescence intensity values, as well as the total area measured for sinusoid, cytosol and bile space, were imported to Excel and Statview for statistical analyses. Means were taken for each set of measures (sinusoid, cytosol, bile space) and used for plots/graphs. Descriptive statistics as well as bivariate analyses were used for quantitation.
In vivo imaging of hepatobiliary toxicity: hydropic vacuolation Figure 8 (see previous page)
In vivo imaging of hepatobiliary toxicity: hydropic vacuolation. Acute exposures to 2 to 6 μM ANIT resulted in a marked "pebbling" phenotype. This terminology was adopted due to the morphological appearance of the liver (L), first observed in vivo with widefield fluorescence microscopy. (A) STII medaka control, 20 dpf, showing the normal smooth appearance of the hepatic parenchyma in vivo, as viewed with widefield fluorescence microscopy. (B) Widefield fluorescence microscopy, FITC image capture, STII medaka, 20 dpf. Shown is the "pebbled" appearance (black arrowhead) of the liver (L) in vivo; distinct at 2 μM to 6 μM aqueous ANIT. This phenotypic response was characterized (in vivo) by ovate structures within the cytosol of hepatocytes, which resulted in a pebbled appearance in the plane of focus in the liver. This phenotype was observed with the aid of autofluorescence alone, no fluorophores were necessary for visualizing this cellular response. (B1) ANIT exposed medaka exhibiting the pebbling phenotype were treated with the nuclear stain DAPI (aqueous bath) to label hepatocyte and biliary epithelial cell nuclei. After 1 hr of DAPI exposure the hepatobiliary systems of medaka were imaged in vivo via widefield fluorescence microscopy. These investigations found that intracellular ovate structures (black arrowhead) did not label with DAPI, and were distinguishable from hepatic and biliary epithelial nuclei (blue). (B2) Transmission electron micrograph showing cellular changes consistent with hydropic vacuolation, which was observed in both hepatocytes (black arrowhead) and bile preductular epithelia (not shown). Vacuoles ranged from 2 μm to 10 μm in diameter, and were found to be partially to completely filled with electron dense infiltrate. (B3) In vivo confocal image of YO-PRO-1, DIC and TRITC composite: nuclear labeling experiments performed with YO-PRO-1 revealed uptake of YO-PRO-1 into cells with putatively compromised cell membranes. In grayscale DIC image hydropic vacuoles (black arrowhead) are distinct. Associated with hydropic vacuolation was a slight increase in apoptosis (ovate green fluorescence, cell type not known). Of interest is the almost literal appearance of hydropic vacuoles in the confocal DIC fluorescence image (grayscale), where vacuoles appear as liquid droplets. Gill (Gl), Ventral Aorta (Va), Heart Atrium (Ha), Heart Ventricle (Hv), Liver (L), Gall Bladder (GB), Gut (Gt).
Three-dimensional reconstructions from in vivo imaging
The fluorescent probes 7-benzyloxyresorufin (7-BR), β-Bodipy C5-HPC, Bodipy FL C5-ceramide, DAPI, and fluorescein isothiocyanate (FITC) were administered to living STII medaka in aqueous bath (see Table 1 ) to elucidate specific components of the hepatobiliary system (e.g., hepatocytes, endothelial cells, biliary epithelia, bile passageways). Individual medaka were exposed to fluorophores (aqueous bath) at the following concentrations and durations: 7-BR (10-50 μM, 10 to 30 minutes), β-Bodipy C5-HPC (30 nM-10 μM, 10 to 30 minutes), Bodipy FL C5-ceramide (500 nM-5 μM, 10 to 44 minutes), FITC (1 nM -50 μM, 10 to 30 minutes). After 15 -60 minutes of fluorophore exposure STII medaka were sedated, mounted on depression well glass slides with cover slip and imaged live using LSCM, at various stages In vivo imaging of hepatobiliary toxicity: passive hepatic congestion A single red blood cell can be seen in the sinusoid lumen. Endothelium is highly attenuated. In tandem with morphological changes were changes to cardiovascular function; decreasing heart rate and motility along with increase in vasodilation, in medaka exposed to 0.5 μM to 8 μM ANIT. Control heart rates averaged 129 bpm to 140 bpm (n = 12). Heart rate decreased with increasing ANIT concentrations. At 8 μM ANIT heart rate (means) was observed to be 118 bpm at 6 hrs post exposure, 73 bpm at 24 hrs post exposure, and 61 bpm at 48 hrs post exposure. At dosage regimes above 4 μM (acute and chronic), vasodilation of the hepatic vasculature was evident. Dilation of sinusoids, hepatic vein, and hepatic portal vein, were all observed. Sinusoid diameters: control sinusoids averaged 7.4 μm. At 8 μM ANIT, 48 hrs post exposure, sinusoid diameter averaged 15.3 μm.
of development (4-60 dpf). Confocal stacks from in vivo imaging of the hepatobiliary system were then imported into the 3D rendering and analytical software, Amira 3D. Confocal stacks were comprised of 0.5 μm to 2 μm slices (space between individual images/scans), though 0.7 μm was most commonly employed. Stacks were typically 90 to 120 μm thick (depth of scan), though in some instances these were combined to create stacks of up to 200 μm in thickness. The 3D reconstructions, manually created in Amira 3D, were then used for architectural, morphometric and volumetric analyses.
Results and discussion
In vivo description of hepatobiliary development
In vivo investigations permitted detailed study and description of normal development of the medaka hepatobiliary system, which included observation/description of hallmark events such as organogenesis, the onset of bile synthesis and transport, and metamorphosis of the liver from an embryonic to adult phenotype (Figure 4) . In vivo investigations also permitted direct observation of hepatic architecture at the cellular level at various developmental stages, observations which, coupled with 3D reconstructions of the liver, led to important insights. For instance, characterization of variations in parenchymal architecture between embryonic and larval stages, and the comparative similarities and differences in vertebrate liver conceptual models [12] . 
Quantitation of hepatobiliary transport in vivo
To put these studies into context a brief overview of hepatobiliary transport is provided. Transport of solutes from blood to bile is a vital liver function. It is through bile synthesis and transport that xenobiotics of environmental origin and endogenous metabolic by-products are either safely removed from the system, or, with systemic accumulation, result in morbidity and mortality [4, [68] [69] [70] [71] [72] [73] [74] . Inhibition/impairment of bile transport (cholestasis) commonly results in morbidity and mortality in mammals. Little is known about bile transport in piscine species, and the relationship of impaired transport function to disease and toxicity in these organisms. While it is becoming increasingly apparent that many piscine species share bile synthetic and transport mechanisms with their mammalian counterparts [14, 75, 76] , no studies on impaired/inhibited bile transport (cholestasis) in fish exist. Here we show methods that can be used to perform in vivo assessment of bile transport, and present initial findings employing these methodologies.
Our investigations show in vivo quantitation of hepatobiliary transport in STII medaka is possible, and a potentially valuable diagnostic tool for evaluation of normalcy and toxic response (e.g., cholestasis) in this animal model. Using fluorescent probes success was achieved in evaluating blood to bile transport in vivo under both conditions of normalcy and toxicity in STII medaka. Examples are given in Figures 5 and 6 and Table 3 . While differences between Bodipy C5 ceramide, and β-Bodipy C5-HPC and Given are some of the known endogenous fluorophores and their excitation (Ex) and emission (Em) wavelength(s).
fluorescein isothiocyanate transport were expected, the more subtle, statistically significant differences between β-Bodipy C5-HPC and fluorescein isothiocyanate ( Figure 6 , Table 3 ) were especially interesting. For instance, in contrast to C5 ceramide, which exhibits kinetics more consistent with passive diffusion across cell membranes, the latter two fluorophores exhibited kinetics more consistent with active transport. That these differences are putatively indicated here in quantitative results is promising for future investigations into quantifying transport of solutes from blood to bile in vivo.
Three-dimensional in vivo investigations: hepatobiliary architecture
Non invasive in vivo imaging in STII medaka allowed the generation of 3D models of the hepatobiliary system (Movies 1 -9), under conditions of normalcy and toxicity. Using LSCM, in tandem with exogenous fluorophores, we were able to elucidate hepatocellular, biliary and vascular components of the liver in 3D. Three-dimensional investigations yielded important insights into medaka hepatobiliary structure/function, which may not have been possible using standard 2D methodologies alone (e.g., histological, ultrastructural). For instance, 3D analyses revealed that: the hepatic parenchyma in medaka is organized through a hexagonal structural motif (polyhedral tessellation), evident in the fine structure of the biliary system; the biliary system is an interconnected network of canaliculi and bile preductules; the canaliculopreductular network perfuses the majority of the liver corpus (~95%) uniformly, with equidiameter intrahepatic biliary passageways (IHBPs) (1-2 μm) observed throughout the liver; larger bile ductules and ducts were observed only at the liver hilus, and consequently an arborizing biliary tree was absent, seen only in the rudimentary branching of intrahepatic ducts from the hepatic duct; parenchymal architecture is a predominantly 2 cell thick muralium, though tubule-like formations may also comprise the muralium; the livers of these small fish are replete with BPDECs, the putative mammalian correlary of bipotential progenitor/stem cells; BPDECs and hepatocytes form unique junctional complexes that create bile passageways (bile pre-ductules). BPDECs occupy the center of these junctional complexes, surrounded by bile pre-ductules. Collectively, these findings characterized the 3D architecture of the medaka hepatobiliary system and improve our comparative understanding of vertebrate liver structure and function. These findings also raised interesting questions regarding the "functional unit" of the vertebrate liver, suggesting the hepatobiliary system in medaka can be, as a conceptual model, considered a single functional unit of the vertebrate liver, akin to an individual unit of the mammalian lobule [12] .
Analyses of 3D reconstructions also provided highly accurate volumetric and ratiometric information on biliary, parenchymal, vasculature and liver volumes, under both conditions of normalcy and toxicity (Tables 4, 5, 6 and 7).
In vivo morphometric and volumetric findings were found to correlate well with prior ex vivo studies in vertebrate livers (Table 6 ), though in vivo findings see marginally higher hepatocellular and lower vascular volumes. Hence, it is possible that ex vivo findings may underestimate the volumetric indices of these compartments to some degree, given in vivo studies, which capture fully perfused organs (e.g., cytosol, vasculature), likely generate more realistic indices. While our focus was the hepatobiliary system, it should be evident from the examples presented here, and previously [12] , that these types of 3D investigations in STII medaka, using the same or similar methodologies, are possible in other organ systems as well.
In vivo investigation of xenobiotic response
With normalcy characterized (in vivo phenotypes of cells/ tissues, hepatobiliary development, 3D parenchymal architecture, evaluations of blood to bile transport), it was then possible to apply this experimental system to the investigation of toxic response in vivo (see also [77] ). To do so we used two reference hepatotoxicants; α-napthyl isothiocyanate (ANIT) and diethylnitrosamine (DEN). In vivo investigations (responses to xenobiotic exposure) Metrics obtained from 3D reconstructions of the hepatobiliary system at 8, 12, 20, 30 and 40 dpf provided highly accurate morphological assessment of components of the hepatobiliary system. IHBP segment length corresponds to average length of the canaliculus, which was found to be approximately the same as hepatocyte diameter. Bile preductule (BPD) segment length is length of bile passageway surrounding BPDECs, a length that approximates BPDEC diameter. In vivo indices from 3D analyses correlated will with ex vivo ultrastructural (TEM) indices, and in vivo 2D metrics.
were correlated with histopathology, ultrastructure and immunohistochemistry for validation/characterization of xenobiotic response/toxicity.
An example of non invasive in vivo serial analysis of the adult consequence of early life stage exposure to DEN is given in Figure 1 . Shown is an in vivo assessment of neoplastic response 10 months post exposure to DEN. Histopathology revealed the tumor to be comprised of mixed neoplasms of hepatocellular and biliary origin, and with foci of biliary hyperplasia.
In vivo evaluation of responses of the liver to ANIT exposure revealed distinct dose dependent phenotypic changes, these included: (1) canalicular attenuation and dilation in response to 1 -3 μM acute aqueous ANIT exposure; (2) bile preductular lesions in response to 2 -5 μM chronic ANIT exposure; (3) hydropic vacuolation, at ANIT concentrations of 2 -8 μM ANIT, which resulted in a distinct "pebbling" of the liver when evaluated in vivo; and (4) chronic passive hepatic congestion, an end stage response of the liver associated with high mortality, at 6 -8 μM ANIT (see Figures 7, 8 and 9) . In vivo observations were correlated with ex vivo histological and electron microscopic studies to aid in interpretation of in vivo findings and to verify affected cell types. Lastly, volumetric analyses of 3D reconstructions from ANIT treated medaka suggested a possible reduction in bile flow, as well as choleresis, with no changes to other volumetric liver indices (Tables 4, 5 and 7) . In vivo 3D morphometric and volumetric indices were consistent with both in vivo (2D) and ex vivo findings (ultrastructural studies), revealing accuracy and standardization of quantitative assessments across in vivo and ex vivo techniques. These findings, while largely descriptive, suggest ANIT induced changes in the medaka hepatobiliary system are: (1) similar to ANIT induced changes described in rat liver, and (2) consistent Hepatobiliary metrics obtained from 3D reconstructions of the hepatobiliary system at 8, 12 and 30 dpf. A consistent relationship among the volume of intrahepatic biliary passageways, vasculature, hepatocellular volume, and parenchymal volume, in relation to total liver volume analyzed (liver corpus), was found across each stage of development. Given are the dimensions of in vivo confocal stacks from which 3D reconstructions were made, as well as voxel size (a proxy for resolution). Also given are estimates for the total volume of liver analyzed; for instance, at 8 dpf, it is estimated that the stack size was ~50% of total liver volume, and at 30 dpf, the stack dimensions are estimated to comprise ~15% of total liver volume. Total volume of each 3D reconstruction corresponds to volume of liver corpus. Parenchymal volume is comprised of hepatocellular space, BPDECs and intrahepatic biliary passageways. SA = Surface Area; Vol = Volume with responses commonly observed in cholestasis in mammalian livers.
Conclusion
We have described the development and application of non invasive in vivo methodologies to the study of biological structure, function and xenobiotic response in STII medaka. The development of this in vivo investigatory "system" encompassed the validation and application of exogenous fluorescent probes, and endogenous fluorescence, for the in vivo study of biological structure, function, and xenobiotic response, in STII medaka, in both 2D and 3D contexts. With confocal microscopy, high resolution (< 1 μm) in vivo imaging was achieved (e.g., subcellular).
Of particular interest is the ability to investigate biological structure/function relationships, and xenobiotic response, in 3D, and to potentially integrate molecular mechanisms of toxicity with system level phenotypic changes, in a 3D Volumetric comparisons between normal and ANIT exposed livers. Indices are summarized in the lower part of Table 7 (see also Table 5 ). Medaka treated with 1 μM ANIT and analyzed (3D reconstructions, volumetrics) at 30 days exhibited an increase in volume of intrahepatic biliary passageways. Medaka treated with 2.5 μM ANIT and analyzed at 30 days exhibited a decrease in intrahepatic biliary volume. Where biliary volumes were changed in ANIT exposed animals, other indices of vasculature, parenchymal and hepatocellular volume remained relatively well conserved across normal and treated medaka. These results, while from only 2 treated animals, may suggest a choleretic response at low ANIT exposure concentrations, and cholestatic like response at higher aqueous ANIT concentrations. Due to the time consuming nature of 3D reconstructions, only 2 livers of treated animals were reconstructed in full. Given are comparative metrics for components of the hepatobiliary system from mammalian and piscine studies. When comparing metrics note that values for medaka are from 3D in vivo investigations, metrics from other studies were derived from ex vivo histological and ultrastructural studies. No total volume was obtained for biliary epithelia in medaka, however, these cell types were found predominantly in the hilar region of the liver, and it is estimated they comprise a similar volume as those reported in other studies above.
context. Significant advances have been achieved over the last decade in 3D elucidation of structure/function relationships at the molecular/protein levels of biological organization. However, similar information on organ system structure and function at the cellular level has lagged. Elucidation of biological structure/function relationships in a real world 3D context is vital to advance our interpretive and diagnostic capabilities (e.g., normalcy and disease/toxicity), further our comparative understanding of organ system ontogeny, and integrate genetic and molecular information with system levels of biological organization. The latter is of particular importance. One of the main challenges facing life sciences is the integration and interpretation of genomic, proteomic, and metabolomic information in relation to the complex physiological system in which "omic" mechanisms operate. As these findings suggest, STII medaka provide a unique means by which to potentially integrate mechanisms of toxicity (e.g., genomic, proteomic function) with system level responses and phenotypic changes, in vivo (the overarching goal of our laboratory).
The findings presented also demonstrate in vivo quantitation of hepatobiliary transport is possible, suggesting STII medaka provide a novel means by which to investigate piscine hepatobiliary transport, and the effects of toxins/ toxicants, as well as genetic disorders, on biliary transport mechanisms. Because hepatobiliary transport may be impaired by a variety of pharmaceuticals and environmental contaminants, the ability to investigate altered organ system function in vivo is a valuable tool that should prove valuable to the future study of piscine biliary transport.
Collectively these findings demonstrate the ability to study, with high resolution, normalcy and disease/toxicity in vivo in the hepatobiliary system of living medaka, a capability that provides a valuable diagnostic and investigatory tool. The reviewed findings presented here, in conjunction with earlier studies [11, 16, [77] [78] [79] [80] [81] [82] [83] [84] [85] , have, we feel, significantly advanced our comparative understanding of the piscine liver, and we consider the potential for discovery, within the context of in vivo investigation in STII medaka, as significant.
